Abstract-Prostate cancer may be a good application for thermoacoustic imaging induced by very high frequency (VHF) radiation for several reasons. Mechanical properties of healthy and cancerous prostate tissue are well matched, so the assumption of constant sound speed is accurate. Signal production by VHF irradiation is proportional to ionic content, and ionic content of prostatic fluids produced by healthy tissue in the peripheral zone are approximately three times higher than in blood and plasma whereas cancer suppress ionic content of prostatic fluid. Signal strength is expected to decrease with extent of cancerous involvement. To test the utility of VHF-induced thermoacoustics to prostate cancer imaging we imaged fresh human prostate specimens ex vivo and compared to the gold standard, histology. Specimens were scanned immediately after radical prostatectomy performed as part of normal care.
I. INTRODUCTION
Prostate cancer (PCa) is a compelling application for thermoacoustic (TA) imaging.
The well-matched mechanical properties that hinder B-mode ultrasonic imaging of PCa simplifies image reconstruction because we can safely assume constant sound speed. Additionally, preliminary measurements of specific heat capacity did not differentiate healthy from diseased prostatic tissue at body temperature [1] . Therefore, we assume that only the thermal expansion coefficient, , and electromagnetic (EM) energy loss drive the TA contrast mechanism in the prostate. Several groups have applied photoacoustic imaging to studies of brachytherapy seeds in tissue phantoms [2] [3] [4] . Poor depth penetration of optical radiation may require transurethral light delivery and highly optimized reconstruction [5] , however. In vivo studies of the canine prostate have also been performed [6, 7] . Multispectral ex vivo photoacoustic images of 3-5 mm thick fresh human prostatic tissue performed immediately after gross sectioning could discriminate PCa from healthy prostatic tissue and also from benign prostatic hyperplasia (BPH) based upon deoxyhaemoglobin content [8] .
PCa imaging may be particularly well suited to TA imaging using very high frequency (VHF) irradiation, which heats proportionally to ionic content. Extremely high levels of citrate in prostatic fluid cause other ions to accommodate and restore electrochemical balance [9] . Ionic content of prostatic fluids produced in a healthy gland is approximately three times that of plasma and blood. PCa suppresses citrate, and therefore overall ionic content of prostatic fluids. This relationship applies also to tissue in the peripheral zone (PZ) where most prostatic fluid is produced and most PCa tumors develop [10] . The central zone is neither a site of significant prostatic fluid production nor high incidence of PCa. BPH frequently arises in the central zone, and elevates citrate and zinc levels to that found in healthy PZ tissue. In vitro assays of expressed prostatic fluids can therefore differentiate between the presence of BPH and PCa, but cannot localize tumors within the prostate. TA imaging offers the possibility of localizing tumors, as well as differentiating BPH from PCa. TA image values in the central zone exceeding that expected from normal plasma should indicate the presence of BPH, whereas in the PZ thermoacoustic image values comparable to plasma are expected to indicate PCa.
To study the TA contrast mechanism in small ex vivo specimens, such as the human prostate, a benchtop imaging system was optimized for ex vivo imaging. We present preliminary results comparing thermoacoustic computerized tomography (TCT) images to the gold standard, histology slides.
II. MATERIALS AND METHODS
Ex vivo TCT was performed much as described in [11, 12] , but in a benchtop imaging system optimized for imaging smaller tissue specimens, such as human prostates. All subjects had biopsy-confirmed PCa, and provided informed consent. This prospective study was approved by the Institutional Review Board of the Medical College of Wisconsin.
The system operates in transmission mode, with EM propagation direction perpendicular to the axial direction of the receive transducers as depicted in Figure 1 . The testbed cross section was reduced to 6 cm x 19 cm, concentrating the electric field and generating stronger TA pulses. Additionally, reducing the testbed width from 10 cm to 6 cm allowed the transducers to be positioned closer to the specimen, increasing SNR of the TA measurements. EM parameters were optimized for this smaller benchtop system. The EM irradiation pulse width was reduced to 700 ns, increasing the essential band-limit of TA pressures to 1.4 MHz.
A digital oscilloscope (Tektronix DPO7104) with onboard personal computer drove the scan process and acquired data via LabView software. The EM amplifier and testbed were enclosed in a 100 dB Faraday cage (ETS Lindgren) outfitted with a penetration panel containing coaxial connectors for data lines as well as one USB connector for a communication line as depicted in Figure 2 .
A. Ultrasound Hardware
Two identical 2.25 MHz focused single-element transducers with 0.5" diameter and 0.8" distance to focus (Olympus V306) were positioned on opposite sides of the specimen. The acoustic couplant was deionized water mixed with a concentration of 15 g/L glycine powder. Glycine powder was added to minimize water absorption by the tissue, which would impair histologic examination required for post-operative patient care. Glycine powder did not affect speed of sound or attenuation as measured during system validation. TA pulses were amplified 54 dB by a low noise preamplifier (Olympus 5662) positioned outside of the Faraday cage to shield it from electromagnetic interference (EMI). Bandwidth and sampling rate were lowered to the lowest available settings compatible with both LabView and TekTronix software, 20 MHz and 10 ns.
The focus of each transducer was treated as a point receiver [13] , acquiring circular integrals of the source term, S(x), as depicted by thin white lines in Figure 1 . Data from the transducers was carried by doubly-shielded coaxial cables, which were additionally shielded using commercial aluminum ductwork.
Coaxial cables and aluminum ductwork were grounded at the penetration panel. 
B. TCT Data Acquisition
To improve stability of the tomographic gantry the testbed design was rotated from that described in [12] . EM performance was monitored during scanning as described previously [14] . Specimens were suspended below a dual motion stepper motor (Haydon Kerk) by a stiff monofilament surgical suture, ensuring a stable vertical axis of rotation and translation. Spatial encoding was obtained by rotating and translating the specimen in step-and-shoot mode. The translation increment was 3 mm, consistent with the 3 mm distance between histology levels. Image planes were acquired from apex to base. The rotation increment was 1.8° between tomographic views. The EM irradiation repetition frequency was 100 Hz and 64 TA pulses were averaged to suppress noise. Partial-scan TCT sinograms, typically containing only 140 of 200 views, were acquired by each transducer over a period of approximately 12 minutes per acquisition slice. Temperature of the acoustic couplant was recorded at one-minute intervals. From these measurements the average temperature during acquisition of each slice was computed.
This acquisition system is less costly and more sensitive than clinical ultrasound transducers with element diameter less than 1 mm, but requires lengthy scan times. Prostate tissue degrades slowly after excision and is therefore suitable for studies of the fundamental contrast mechanism in benchtop systems with lengthy scan times, in particular when the specimens remain chilled (one method to reduce autolysis). Autolysis, readily recognized by light microscopy, was not observed in any of the specimens upon light microscopic examination. It is therefore evident that the cell membranes remained intact.
C. Histology
Diagnostic pathology reports were available for all specimens. These diagnostic reports provide only percent cancerous involvement averaged throughout the entire gland, largest dimension of largest tumor, and Gleason grade. Diagnostic reports also indicate whether tumor extended beyond the capsule of the prostate (extracapsular extension) or the presence of a positive surgical margin. Unfortunately, none of these diagnostic metrics provide spatial information that can be directly correlated to axial TCT reconstructions.
Histology slides from three prostate specimens that generated clear anatomical markers in TCT images were selected for labor-intensive reading and annotation by a fellowship-trained genitourinary pathologist with greater than 6-years experience (DH). The specimens selected contained little, moderate, and extensive disease, respectively. Additionally, TCT images of each clearly display the verumontanum. Each cancerous region in histology was assigned a Gleason score, which is the sum of primary and secondary Gleason grades, ranging from 1 (least aggressive) to 5 (most aggressive). All specimens examined in this study were Gleason score 6 or 7. Regions of inflammation (INFL), atrophy, nodular hyperplasia, highgrade prostatic intraepithelial neoplasia (HGpin) and extraprostatic extension (EPE) were also noted. The type of tissue was annotated directly on histology slides as well as on a detailed report form. TCT imaging of the whole fresh prostate was performed prior to formalin fixation. Therefore, TCT images represent the "true" morphology.
To determine whether TA signal strength is correlated to disease state, the PZ was divided into regions corresponding to different tissue types noted by the pathologist.
Regions marked on histology slides were registered to corresponding regions on TCT images using anatomical landmarks as control points. A piecewise linear scheme was used to overlay histology slides upon the TCT reconstructions as shown in Figure 3 . TCT image resolution is low, so only coarse subdivision was performed as shown in Figure 4(d-f) .
. 
III. RESULTS
TA image values in the posterior PZ were analysed for dependence upon acquisition temperature, overall cancerous involvement and local tumor status. TA image values were averaged throughout the entire posterior PZ for 25 biopsyconfirmed specimens for which only the clinical pathology report was available. Image values averaged throughout the PZ were independent of temperature but perhaps weakly dependent on overall cancerous involvement throughout the entire prostate. Image values in select regions of the PZ were carefully correlated to disease state for three histology specimens, as discussed below. 
A. TA reconstruction values vs. disease status
In reconstructions from specimens 1-3 TA signal strength decreases with tumor involvement. Reconstruction slices that clearly show the verumontanum are compared to histology in Figure 4 . Regions of interest (ROIs) marked with yellow approximate regions of involvement as annotated on the corresponding histology slide. Results are quantified in Table 1 .
Percentage and Gleason grade of cancer within each region are provided in columns 3-4. Additionally, columns 5-6 contain the percentage of Gleason grades within the region. Columns 7 and 8 contain mean (µ) and standard deviation (!) of reconstruction values. TCT reconstruction slices were correlated to histology levels using the wedge-shaped verumontanum as the primary anatomical landmark. Although the step size between histology and TCT reconstruction slices were both 3 mm, the offset between histology and TCT is unknown. Additionally, the fixation process deforms tissue, further confounding correlation with histology slides.
Because glycine solution has very low electrical conductivity, reconstruction values in the background region outside the prostate should be zero. Large ROIs placed in the background regions have mean reconstruction values of 5e-3 mV or less. The least diseased specimen, #3, generated mean reconstruction values of 0.49 mV throughout most of the PZ except for a small region of low-grade cancer, which corresponds to slightly suppressed mean reconstruction value of 0.34 mV. Strongest average reconstruction values in the most diseased specimen, #1, were very nearly within one standard deviation of zero at 0.13 ± 0.12 mV.
45 ROIs were analyzed from these three specimens. In this small sample, a cut off value of 0.4 mV would yield perfect sensitivity of 24/(24+0) = 100% but poor specificity of 6/(6+15) = 6/21 = 29% for PCa detection.
IV. DISCUSSION
The low-resolution reconstructions presented here hold promise that the contrast mechanism may provide clinically useful information. In the specimens selected for detailed histology, TA signal strength is suppressed in cancerous regions, corroborating conventional wisdom that metabolite production by cancerous glands is suppressed. Reconstructions routinely visualize structures such as the verumontanum mid-gland, as well as the urethra near the apex and base. Despite band-limitations induced by a 700 ns EM irradiation pulse, small ducts were sometimes visible.
Besides the small sample size there are several limitations to this preliminary ex vivo study. The 6 cm testbed width restricted our study to prostates of dimension 6 cm or less in both L/R and A/P directions. This may have skewed our pool of specimens, but VHF excitation can easily provide depth penetration sufficient for imaging larger prostates. Because specimens were removed robotically, a small amount of prostatic fluid may have been expressed as the prostate was extracted through a small incision. A lesser concern is lack of blood flow during ex vivo imaging. Although the prostate is highly vascular, flow rates are relatively slow and radical prostatectomy specimens retain 'steady state' blood volume within the prostate microvasculature. Finally, we were forced to keep the specimen chilled to minimize autolysis. Temperature dependence of the parameters comprising the Gruneisen and dielectric properties of water is well understood. Temperature dependence of these parameters for blood and soft tissue is less well understood, but is unlikely to account for the 400% increase in signal generated by specimen #3 over #1. Furthermore, signal produced in the PZ of 25 control specimens was nearly independent of temperature, increasing by less than 20% from 3 °C to 13 °C. In vivo scanning at body temperature should increase TA signal strength somewhat over that generated by the chilled specimens imaged in this study.
Unlike microwave and optical heating, VHF radiation provides excellent depth penetration. The rarefaction portion of each TA pulse was clearly visible throughout most sinograms, demonstrating that the TA pressures produced were sufficiently strong to propagate through the entire gland Preliminary results using a clinical P4-1 cardiac array to receive 96 channels simultaneously with one of the single element transducers improves image resolution at the expense of SNR. Combining the images preserves image contrast provided by the single element transducer, while improving resolution ( Figure 5 ).
If these preliminary results are corroborated by larger studies then development of a working clinical prototype will be warranted. 
